Introduction {#S5}
============

Energy expenditure (EE) is largely explained by its major determinants sex, age, fat mass (FM), fat-free mass (FFM), and ethnicity ([@R1]), with FFM accounting for the greatest part of its variance ([@R2]). Weight gain and its attendant increase in FFM and FM are associated with increased 24-hour EE (24h-EE) ([@R3]). Most importantly, relatively lower EE is a predictor of weight gain ([@R4]). In recent years, efforts to uncover additional influencing parameters of human EE have revealed a broad spectrum of factors, comprising inter-individual heterogeneity in response to diet ([@R5]), hormonal ([@R6]), and genetic determinants ([@R7]). With respect to the ongoing obesity epidemic ([@R8]), it is important to identify other regulatory players of EE as putative targets of therapeutic intervention in metabolic diseases.

As major constituents of lipid rafts involved in cellular stress response ([@R9]), sphingolipids are functionally active components of cell membranes, participating in a plethora of biological signaling pathways ([@R10], [@R11]). Ceramides and sphingomyelins are two central entities within this family of lipids and the hydrolysis of sphingomyelins for ceramide synthesis is thought to be an important reaction involved in cellular communication ([@R12]). Dysregulation of sphingolipid metabolism has repeatedly been associated with key aspects of the metabolic syndrome, such as β-cell dysfunction ([@R13]), insulin resistance ([@R14]), and cardiovascular disease ([@R15]). Additionally, there is growing evidence that EE could be modulated by sphingolipid messaging. In mouse models, the reduction of plasma and adipose tissue ceramide levels lead to elevated EE ([@R16], [@R17]). Suggestive of an underlying mechanism of EE regulation, inhibition of *de novo* ceramide synthesis resulted in induction of mitochondrial uncoupling protein 3 (UCP3) in white adipose tissue (WAT) ([@R16]). Interestingly, in humans, almost no UCP3 is expressed in WAT ([@R18]). In line with a possible effect of sphingolipids on energy balance regulation, it has previously been described that, in a murine model, skeletal muscle sphingolipids may alter mitochondrial respiration, therefore influencing energy balance ([@R19]).

It is possible that sphingolipids in WAT affect other tissues more directly involved in energy homeostasis. In rodents, the central administration of ceramides mediated stress to the hypothalamic endoplasmic reticulum, consequently depressing the expression of UCPs in brown adipose tissue (BAT), thus reducing EE and leading to weight gain ([@R20]).

Such studies examining the metabolic relevance of sphingolipids in body compartments contributing considerably to rodent metabolism and lipid messaging, here led us to investigate the major determinant of EE in humans, FFM ([@R2]), in comparison to FM and plasma. Therefore, we hypothesized that a summary measure of skeletal muscle sphingolipids (as identified by principal components analyses) would be associated with EE in humans, and allow us to further identify specific sphingolipids of interest. Given such an association, we further explored the possible correlation of sphingolipids with weight gain in a smaller study cohort with longitudinal weight data. Since animal data point to a similar role of sphingolipids in different body compartments, we also investigated whether, compared to muscle, these lipids are unidirectionally associated with EE measures in adipose tissue and plasma.

Subjects and Methods {#S6}
====================

Subjects and Clinical Assessment {#S7}
--------------------------------

Data from 35 Native American individuals of ≥ half Southwestern heritage who between March, 1995 and May, 2008 participated in an ongoing study to identify risk factors for diabetes and weight gain was included in the present study ([table 1](#T1){ref-type="table"}) ([@R4]). Consented, healthy volunteers were admitted to the clinical research unit. For information on basic baseline metabolic assessment and skeletal muscle and adipose tissue biopsies, please *see* [Supplementary Information](#SD1){ref-type="supplementary-material"}. Only non-diabetic individuals ([@R21]) were included in this analysis. Measurements of sphingolipid content in skeletal muscle, adipose tissue, and fasting plasma (collected during an oral glucose tolerance test) were carried out in a single set of analyses at the Department of Pharmacology, University of California Irvine, Irvine, CA, USA (Dr. D. Piomelli) using liquid chromatography and mass spectrometry (accuracy: coefficient of variation, CV, 0.16 -- 4.82%) ([@R22], [@R23]). Measurements of EE were taken during the same stay during which biopsies, anthropometry, and assessment of glucose tolerance were performed (*see* Metabolic Assessment).

Subjects also participated in a longitudinal study of health during which they were invited for examinations approximately every two years at which basic anthropometrics and an OGTT were performed ([@R24]). Individuals who had developed diabetes (n = 6) were excluded from follow-up, which took place from January, 2003 until December, 2007. For 16 individuals, follow-up weight at the subjects' last exam was used for calculation of weight change (*see* Statistical Analyses).

Pregnancy and/or lactation at time of first and follow-up visit were excluded and no information about pregnancy and lactation between the visits was available.

Selection criteria for studied subject groups along with sensitivity analyses are presented in [Supplementary Information](#SD1){ref-type="supplementary-material"}.

Both studies (clinicaltrials.gov, NCT00340132, NCT00339482) were approved by the Institutional Review Board of the National Institute of Diabetes and Digestive Kidney Diseases.

Metabolic Assessment {#S8}
--------------------

Measurements of 24h-EE were performed by whole-room indirect calorimetry ([@R2]). Briefly, the mean EE of all 15-minute sampling intervals between 8 AM and 7:45 AM of the following day were extrapolated to calculate 24h-EE. Sleeping metabolic rate (SMR) was calculated as the mean of all 15-minute periods for which spontaneous physical activity (SPA), determined using radar ([@R2]), had been less than 1.5% in the time period between 11:30 PM and 5 AM of the following day ([@R25]). AFT, 24-hour respiratory quotient (24h-RQ), 24h-lipid and carbohydrate oxidation were calculated (*see* legend of [table 1](#T1){ref-type="table"}). Resting metabolic rate (RMR) was measured by a ventilated hood system in the morning after an overnight fast, and was calculated as the mean EE during a 40-minute period in an awake, motionless state, and extrapolated to 24-hours. CVs for the repeated assessment of 24h-EE, SMR, and RMR were previously reported to be 2.4%, 3.7%, and 4.7%, respectively ([@R2]).

Statistical Analyses {#S9}
--------------------

Statistical analyses were performed with SAS Enterprise Guide 7.1 (SAS Institute, Inc., Cary, NC, USA) and normal distribution of data was assured. General linear models were used to calculate residuals of metabolic measurements after adjustment for their major known determinants ([@R4]). Pearson's correlation was reported. Alpha-level was set to 0.05. To assess associations with weight change, the relative amount of annual weight change (\[weight at follow up visit -- weight at first visit\]/weight at first visit \* 100/years of follow-up; %Δwt/yr) was calculated.

As we expected a large number of identified sphingolipid moieties, principal component analysis (PCA) was performed to reduce dimensionality of data by summarizing the global variance of all skeletal muscle sphingolipid measurements and to identify factors of correlated, clustered variables. Specifically, the principal components (PCs, or factors) were calculated to yield the best linear combinations of observations ([supplemental figures 1 and 2](#SD1){ref-type="supplementary-material"}). The PCs with the highest variance as determined by the eigenvalues \> 1.0 ([supplemental figure 2](#SD1){ref-type="supplementary-material"}) were used in subsequent analyses.

Significant skeletal muscle PCs were correlated with measurements of EE and weight change. The metabolic contribution of individual sphingolipids was investigated only for those lipids which strongly correlated (r \> 0.6) with a PC which had demonstrated an association with that variable.

Results {#S10}
=======

Subjects {#S11}
--------

Following biopsy, weights were available for 16 subjects after a mean follow-up time of 6.7 years (0.26 -- 12.4 years). On average, body weight had increased by 4.8 kg ± 13.2 kg with an annual change of 0.9% ± 2.8% and no difference comparing sexes (*P* = 0.15).

Sphingolipid content of biological samples and correlations of sphingolipids with anthropometric measures are reported ([supplemental tables 6--8](#SD1){ref-type="supplementary-material"}, [supplemental figures 3--5](#SD1){ref-type="supplementary-material"}).

Skeletal Muscle Tissue Sphingolipid Concentrations {#S12}
--------------------------------------------------

PCA of skeletal muscle sphingomyelin concentrations identified two independent factors ([supplemental table 1](#SD1){ref-type="supplementary-material"}, [supplemental figure 1](#SD1){ref-type="supplementary-material"}), accounting for 46% and 22% of the total variance of all sphingomyelins. Both factors were introduced into linear models for correlation analyses with EE measurements and %Δwt/yr ([table 2](#T2){ref-type="table"}). SM-factor 1 was positively associated with %Δwt/yr ([figure 1B](#F1){ref-type="fig"}) but not with residual 24h-EE, SMR ([figure 1A](#F1){ref-type="fig"}), or RMR (all *P* \> 0.05). The results were similar with removal of the outlier in the weight change analysis. SM-factor 2 was negatively associated with residual SMR ([figure 1C](#F1){ref-type="fig"}; β = −60.4 kcal/d per SD change in factor 2, SE 29.7, *P* = 0.05), accounting for an additional 7% of its variance. For SM-factor 2, no association was seen with %Δwt/yr ([figure 1D](#F1){ref-type="fig"}), residual 24h-EE, RMR, and AFT (all *P* \> 0.05). Twenty-four hour-RQ and oxidation rates did not correlate with any factor (all *P* \> 0.05). PCA of skeletal muscle ceramide concentrations identified one factor, accounting for 41% of the total variance of all ceramides. All ceramide concentrations clustered to a high degree with the computed factor ([supplemental table 2](#SD1){ref-type="supplementary-material"}). It in turn exhibited a negative correlation with 24h-EE ([figure 1E](#F1){ref-type="fig"}), accounting for 5% of its variance (β = −69.9 kcal/d, CI −102.92 to −36.9 kcal/d), but no association with weight change ([figure 1F](#F1){ref-type="fig"}), residual SMR, RMR, AFT, 24h-RQ, and oxidation rates.

With respect to a cutoff of r \> 0.60 for correlation with sphingolipid PCs, sphingomyelins and ceramides were introduced into correlation analyses with EE measurements and %Δwt/yr ([figure 2](#F2){ref-type="fig"}, [supplemental table 3](#SD1){ref-type="supplementary-material"}). Strong correlations were found for SM18:1/23:0, SM18:1/23:1, and SM18:1/26:1 levels with residual SMR (−0.59 ≤ r ≤ −0.41; 0.001 ≤ *P* ≤ 0.03) and %Δwt/yr (0.55 ≤ r ≤ 0.74; 0.004 ≤ *P* ≤ 0.05; [figure 3A, C, E](#F3){ref-type="fig"}). SM18:1/23:1 accounted for 8% (β = −335.3 kcal/d per tenfold change, SE 145.1, *P* = 0.03), SM18:1/23:0 explained 12% (β = −38.6 kcal/d per tenfold change, SE 12.7, *P* = 0.01), and SM18:1/26:1 explained 16% (β = −434.6 kcal/d per tenfold change, SE 111.9, *P* = 0.001) of the additional variance of SMR ([figure 4A, B, C](#F4){ref-type="fig"}). In line with the negative association of these sphingomyelins with residual SMR, these lipids associated positively with %Δwt/yr ([figure 3B, D, F](#F3){ref-type="fig"}). Additionally, SM18:1/20:0 and SM18:0/18:0 showed negative associations with residual SMR (r = −0.5 and −0.45; *P* = 0.01 and 0.02, respectively). SM18:1/24:2 and SM18:0/24:1 (β = −0.02 kcal/d per tenfold change, SE 0.01, *P* = 0.01) were negatively correlated with residual RMR (r =−0.36 and −0.44; *P* = 0.03 and 0.01, respectively), with SM18:0/24:1 explaining 5% of the measure's remaining variance. Consistent with its negative associations with residual RMR, skeletal muscle tissue concentrations of SM18:1/24:2 were positively associated with %Δwt/yr (r = 0.55; *P* = 0.05).

Interestingly, SM18:1/16:0, SM18:1/24:0, and SM18:0/24:0, which did not correlate with EE measurements (all *P* \> 0.05), were also associated with %Δwt/yr ([figure 2](#F2){ref-type="fig"}, [supplemental table 3](#SD1){ref-type="supplementary-material"}; 0.58 ≤ r ≤ 0.61; 0.03 ≤ *P* ≤ 0.04).

Notably, only sphingomyelins for which an association was found with EE and %Δwt/yr are components of SM-factor 1 ([supplemental table 1](#SD1){ref-type="supplementary-material"}, [figure 2](#F2){ref-type="fig"}).

Skeletal muscle tissue concentration of C24:0 associated negatively with residual 24h-EE (β = −663.9 kcal/d per tenfold change, SE 228.6, *P* = 0.007) and residual SMR (β = −519.7 kcal/d per tenfold change, SE 255.3, *P* = 0.05). C24:0 alone explained 6% and 5% of the additional variance of 24h-EE and SMR, respectively. Muscular ceramides did not correlate with residual RMR or %Δwt/yr (all *P* \> 0.05).

In 34 individuals, SM18:1/23:0 correlated negatively with residual 24h-RQ (r = −0.39; *P* = 0.02; β = −0.003 per tenfold change, SE 0.002, *P* = 0.02), explaining an additional 8% of this measure's variance. SM18:1/23:0 associated negatively with carbohydrate oxidation (r = −0.42; *P* = 0.02; β = −45.0 kcal/d per tenfold change, CI −83.0 to −7.01 kcal/d) and accounted for 10% of its additional variance. No correlations were found for sphingolipids and fat oxidation (all *P* \> 0.05).

SM18:0/16:0 associated negatively with AFT ([figure 2](#F2){ref-type="fig"}; r = −0.52; *P* = 0.01; β = −354.6 kcal/d per tenfold change, SE 117.7, *P* = 0.01), accounting for 19% of its additional variance.

Non-Skeletal Muscle Sphingolipid Concentrations {#S13}
-----------------------------------------------

For subcutaneous adipose tissue and plasma, those sphingolipid moieties which showed a significant association with EE measurements or %Δwt/yr in skeletal muscle tissue were introduced into correlation analysis ([supplemental table 4](#SD1){ref-type="supplementary-material"}). Largely consistent with results in skeletal muscle, adipose SM18:1/23:0 (β = −333.7 kcal/d per tenfold change, SE 124.7, *P* = 0.01), SM18:1/23:1, SM18:1/24:2, and SM18:0/24:1 were strongly, negatively associated with residual SMR (0.39 ≤ r ≤ 0.46; 0.01 ≤ *P* ≤ 0.04). An additional 7% of the variance of SMR was explained by SM18:1/23:0 alone. Correlation analyses of sphingolipids with %Δwt/yr, 24h-RQ, and oxidation rates did not yield significant results (all *P* \> 0.05).

For those sphingomyelin moieties which showed an association with residual SMR in skeletal muscle and subcutaneous adipose tissue ([supplemental table 3 and 4](#SD1){ref-type="supplementary-material"}), z-scores were calculated, and a summary score across these tissues was correlated with residual SMR. Summary scores associated with the residual amount of SMR after adjusting for age, sex, FM, and FFM (−0.66 ≤ r ≤ −0.54; 0.01 ≤ *P* ≤ 0.03). Of note, pooled sphingomyelin concentrations expressed stronger associations with residual SMR than adipose or skeletal muscle concentrations alone.

In plasma, no specific confirmatory associations were found.

Comparing sphingolipid concentrations in different tissues and plasma, associations were found ([supplemental table 5](#SD1){ref-type="supplementary-material"}). Notably, SM18:1/23:0 concentrations, which correlated positively in adipose and skeletal muscle tissue, associated negatively with residual SMR in both tissues and were linked to %Δwt/yr ([figure 3](#F3){ref-type="fig"}, [supplemental tables 3--5](#SD1){ref-type="supplementary-material"}).

Discussion {#S14}
==========

In a cohort of Native Americans of Southwestern heritage, we found that specific sphingolipid compounds measured in skeletal muscle were determinants of EE, accounting for a considerable amount of its unexplained residual variance. For instance, SM18:1/26:1 accounted for nearly 16% and one of the PCA generated factors accounted for 7% of the remaining variance in SMR. In comparison, FFM, the strongest determinant of EE ([@R1]), alone explains 59% of the variance for the same measurement. Moreover, some of the here presented sphingomyelins were associated with weight gain. For those sphingomyelin moieties that correlated with EE and weight gain in muscle, we were able to largely confirm the associations with EE in adipose tissue. Pooled sphingomyelin concentrations for skeletal muscle and adipose tissue expressed strong correlations with EE. Furthermore, sphingomyelin and ceramide concentrations in plasma, muscle, and adipose tended to correlate. The strength of associations, magnitude of explained variance for EE measurements, and presented commonalities across body compartments observed in these explorative analyses suggest that candidate sphingomyelins might be involved in the regulation of EE in Native Americans of Southwestern heritage.

Recent studies have stated that sphingolipids participate in the modulation of EE as effectors of thermogenic mechanisms in mice ([@R16], [@R17], [@R20]). Driven by the influence of sphingolipids on mitochondrial heat production, current knowledge of possible underlying mechanisms focuses on adipocytes as the targeted cell type by those lipid messengers ([@R16], [@R20]). However, whether sphingolipids have similar roles in tissues that are stronger determinants of EE, such as FFM, is not clear. Therefore, the investigation of the skeletal muscle sphingolipid content with respect to EE offers a new approach to the topic, as does the inclusion of human samples and human EE measurements. In our study, the identification of several skeletal muscle sphingolipids as strong determinants of human EE, and the comparison of their effects with those in adipose tissue and plasma provide novel insight into the physiology of lipid-mediated EE regulation. Candidate muscle sphingolipids in humans not only account for a big portion of the yet unexplained variation in EE, but may be involved in the regulation of body weight change over time.

Studies on the physiology of sphingolipids have shown that, in rodents, the knockout of ceramide synthesizing enzyme CerS6 (CerS6^Δ/Δ^) leads to a reduction of C16:0 in WAT, BAT, and hepatocytes, although not changing concentrations in skeletal muscle ([@R17]). However, CerS6^Δ/Δ^ mice had higher EE rates consistent with our findings of a negative association between specific ceramides and EE ([@R17]), and, previously, inhibition of *de novo* sphingolipid synthesis increased expression of UCP3 in WAT possibly affecting thermogenesis ([@R16]). Ceramides are a building block for sphingomyelin synthesis, and the latter can be hydrolyzed yielding ceramides. Given this interchangeability, cellular functions of ceramides -- possibly including their influence on whole-body EE -- may partially be ascribed to sphingomyelins ([@R10], [@R11]).

Whether changes in sphingolipid concentrations and associated alterations in UCP expression described in WAT are also occurring in muscle and thereby affecting EE is not clear. However, in humans, UCP3 is expressed in skeletal muscle tissue and, like UCP1, can also be found in BAT ([@R18]). Skeletal muscle is part of the FFM, which is the strongest predictor of EE ([@R2]), explaining more than 70% of the variance in 24h-EE alone ([@R1]). BAT may play a role in mediating cold-induced thermogenesis in humans ([@R26]). Thus, if the cellular mechanisms described in WAT are representative of those occurring in skeletal muscle, as indicated by the observed influence of muscle sphingolipids on mitochondrial respiration ([@R19]), or other organs this could be the underlying mechanism which affects EE. Consistent associations between specific sphingomyelin compounds in muscle and adipose tissue with EE provide further evidence that in these body compartments the same cellular mechanisms could underlie the implication of candidate sphingolipids in EE modulation ([supplemental table 3 and 4](#SD1){ref-type="supplementary-material"}). Since relatively lower EE predicts weight gain in this population, the observation that some specific sphingomyelins could also be independent predictors of weight change may support a regulatory role of skeletal muscle sphingomyelins in EE regulation ([@R3], [@R4], [@R19]). Whether sphingomyelins may affect weight development primarily via EE regulation or via energy intake is unclear, since a link between sphingolipids as regulators of food intake has also been described in Drosophila ([@R27]).

PCA reduced data dimensionality and identified groups of skeletal muscle sphingolipids by considering their relative relationship to each other ([supplemental table 1 and 2](#SD1){ref-type="supplementary-material"}, [supplemental figure 1 and 2](#SD1){ref-type="supplementary-material"}). The C-factor correlated with residual 24h-EE and tended to correlate with weight change ([figure 1E and F](#F1){ref-type="fig"}). SM-factor 1 was positively associated with weight change ([figure 1B](#F1){ref-type="fig"}). For SM-factor 1, a negative association with SMR could be shown, however, it remained not significant ([figure 1A](#F1){ref-type="fig"}). The lack of correlation between SM-factor 1 and an EE measurement could be attributed to the heterogeneous associations of its constituents with EE measures. Also, food intake, the alternate driving force of weight change, can be influenced by sphingolipids. SM-factor 2 correlated with SMR, but not with weight change ([figure 1C and D](#F1){ref-type="fig"}).

With respect to their individual constituents, sphingolipid factors unmasked candidate lipids for further metabolic exploration. In line with the associations of the factors as stated above, muscle ceramides generally tended to correlate with residual 24h-EE, whereas some sphingomyelins showed strong associations mostly with SMR ([figure 2](#F2){ref-type="fig"}). Interestingly, SM-factor 1 comprised all sphingomyelins, which independently associated with weight change.

Correlations between SMR and adipose SM18:1/23:0, SM18:1/23:1, SM18:0/24:1, and SM18:1/24:2 levels were largely consistent with associations observed for these sphingomyelins in muscle and SMR or RMR ([supplemental table 4](#SD1){ref-type="supplementary-material"}). Adipose SM18:1/23:0 accounted for 7% of the additional variance of SMR. As WAT exhibits a low oxidative capacity ([@R28]), the amount of explained variance in EE most likely cannot be attributed to a modulation of adipocyte thermogenesis. Yet, this aspect is addressed by the demonstration of the possible correlation of lipid effectors of EE across tissues ([supplemental table 3--5](#SD1){ref-type="supplementary-material"}). Studies have proposed, that *de novo* synthesis of sphingomyelins is reflective of nutrient oversupply in metabolically active organs, where deposition of sphingolipids has a direct effect on their metabolic activity by impairing their cellular function ([@R15], [@R29], [@R30]). Moreover, a potential influence of specific adipose sphingomyelins on EE could be explained by their role in endocrine signaling: In obese, toxic fat metabolites from adipose tissue exert a pathologic effect on distant tissues ([@R31]). In rodents, it was shown that the distant effect of ceramides on the central nervous system led to altered EE via inhibition of the sympathoadrenal effect on BAT ([@R20]). Associations between sphingomyelin plasma and adipose concentrations may be indicative of such lipid messaging behavior. The mechanism of sphingolipid EE regulation across tissues remains elusive. However, the association of pooled sphingomyelin concentrations for adipose and muscle tissue with EE and commonalities across different body compartments might imply that sphingolipids of different body compartments act in concert to modulate EE.

Some sphingolipids within skeletal muscle tissue did not correlate with EE but associated with weight gain ([figure 1](#F1){ref-type="fig"}). This could be explained by the general heterogeneity of association with residual EE ([figure 2](#F2){ref-type="fig"}) and the ability of sphingomyelins and ceramides to interconvert ([@R32]), yielding alternate sphingolipid variants ([@R10], [@R11]), which may ultimately affect thermogenesis. SM18:1/23:0 correlated negatively with carbohydrate oxidation and 24h-RQ. As both higher concentrations of SM18:1/23:0 and higher 24h-RQ have been associated with weight gain ([@R33]), it may be that the mechanism underlying higher 24h-RQ is independent of any effect of sphingolipids. Also, sphingolipid associations with AFT, RMR and SMR, as well as 24h-EE support the assumption, that a thermogenic effect of these lipids may be independent of physical activity.

Of note, adjustment of weight change for initial weight was performed despite lack of correlation between annual weight change and initial weight ([@R34]). However, the results were consistent if absolute weight change per year was used ([figures 1](#F1){ref-type="fig"} and [3](#F3){ref-type="fig"}).

Differences in association patterns observed for certain muscle sphingomyelins comparing RMR and SMR may need to be interpreted in the light of the distinct metabolic states these measures represent, and the methods used for their assessment. RMR is measured during an awake motionless state for 40 minutes and so reflects the cost of arousal ([@R2]). SMR, however, as assessed in the metabolic chamber, is defined as the EE during night hours with minimal SPA. During the sleeping state cardiovascular activity and body temperature are altered compared with the awake alert state ([@R35]). Given that skeletal muscle accounts for a large amount of variance in SMR and RMR (\~ 20%) ([@R36], [@R37]), it is in line with this that multiple sphingolipid moieties in skeletal muscle did correlate with SMR. Although the associations of the identified sphingolipids are in the same direction, the lack of agreement between SMR and RMR may be due to the physiologic difference in what is measured as well as the methodology used.

Notably, here reported associations of several skeletal muscle or adipose sphingolipids with EE measures cannot be translated to all sphingolipids. Present analyses were exploratory in nature and present preliminary data. The role of sphingolipids as a class and the implication of here presented candidate sphingolipids in energy balance regulation needs to be further elucidated in future studies.

Limitations to our study are given by the small sample size (particularly for the weight change analysis) from a population not representative of a more heterogeneous heritage. Although our conclusions are restricted to the studied population, results drawn from studies based on volunteers of Southwestern Native American heritage have been confirmed in other populations ([@R38]). For muscle sphingomyelins, two significant factors emerged from PCA, together explaining more than ⅔ (= 68%) of the sphingomyelins' global variance. A possible limitation of PCA to analyze present data (subject-to-variable ratio = 1.75) was therefore overcome by the strong pairwise correlations among sphingomyelins. To minimize the issue of multiple comparisons and to identify biologically true associations, only those sphingolipids were introduced into correlation analyses with EE measurements which were considered strong (r \> 0.6) determinants of PCs associated with EE or weight gain. Also, for candidate sphingolipids, the involvement in EE regulation was questioned by investigating a possible effect on weight gain as an additional metabolic factor. Furthermore, results in skeletal muscle were replicated in adipose tissue. As our analysis was designed to generate hypotheses about the association of lipid signaling molecules and EE, alpha-level was set to 0.05. Future studies clearly need to replicate associations between sphingomyelins and weight change in a larger population. Diet and physical activity may have been mitigating factors in weight change but this information was not collected in these studies.

In conclusion, we provide preliminary evidence that skeletal muscle and subcutaneous adipose tissue concentrations of specific ceramides and sphingomyelins explain a large amount of the unexplained variance of EE in Native Americans of Southwestern heritage. Accordingly, we found that certain muscle sphingomyelins may predict weight change in this study population. Our explorative study sets the stage for new intervention studies to further explore human EE beyond the known anthropometric determinants, and the role of lipid mediators, specifically sphingolipids, in human energy balance regulation.
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![Correlation of principal component analysis (PCA) factors with the residual amount of energy expenditure (EE) measurements and the relative amount of annual weight change (%Δwt/yr). Twenty-four hour EE was adjusted for age, sex, fat mass (FM), fat-free mass (FFM), and physical activity. Sleeping metabolic rate (SMR) adjustments included age, sex, FM, and FFM. Sex and age were used as covariates for %Δwt/yr. Correlations of sphingomyelin factor 1 (SM-factor 1) with the residual amount of SMR and %Δwt/yr are shown in A and B, respectively. Correlations of sphingomyelin factor 2 (SM-factor 2) with the residual amount of SMR and %Δwt/yr are shown in C and D, respectively. Correlations of ceramide factor (C-factor) with the residual amount of 24h-EE and %Δwt/yr are shown in E and F, respectively. Pearson's correlation and *P*-value are reported. Sensitivity analysis excluded the study volunteer who lost approximately 6% body weight per year: This nominally affected the *P*-value for the association of SM-factor 1 with %Δwt/yr (r = 0.53, *P* = 0.08). Given the lack of association between weight change per year and initial weight (r = −0.34, *P* = 0.20), we performed the analysis using weight change per year (kg/yr) only, yielding similar results for principal components.](nihms880134f1){#F1}

![Heatmap for correlation analyses of sphingolipid concentrations in skeletal muscle tissue with residuals of EE measurements and the relative amount of annual weight change (%Δwt/yr). Twenty-four hour EE (24h-EE) was adjusted for age, sex, fat mass (FM), fat-free mass (FFM), and physical activity. Sleeping metabolic rate (SMR) and resting metabolic rate (RMR) were adjusted for sex, age, FM, and FFM. Awake-and-fed thermogenesis (AFT) was adjusted for age, sex, percentage of body fat, and fasting glucose concentrations (obtained from OGTT). Sex and age were used as covariates for %Δwt/yr. Only those sphingolipids which showed strong correlations (r \> 0.6) with previously calculated sphingolipid factors were introduced into analyses. Pearson's correlation (values reported in [supplemental table 3](#SD1){ref-type="supplementary-material"}) is visualized as indicated by the color key, red being correlation of −1.0 and green being correlation of 1.0. Significant correlations are highlighted by a black diamond, borderline significant correlations (0.10 ≥ *P* \> 0.05) by a grey cross. Two major groups and three major subdivisions are visualized by the dendrogram. The first subdivision is driven by sphingomyelins which largely associate with %Δwt/yr and SMR, whereas the second subdivision includes sphingolipids which barely correlate with %Δwt/yr. The last major subdivision includes sphingolipids which do not associate with %Δwt/yr at all. Abbreviations: C, ceramide; SM, sphingomyelin.](nihms880134f2){#F2}

![Correlation of SM18:1/23:0 (A, B), SM18:1/23:1 (B, C), and SM18:1/26:1 with the residual amount of sleeping metabolic rate (SMR) after adjustment for age, sex, fat mass (FM), fat-free mass (FFM), and weight change (%Δwt/yr). Sex and age were used as covariates for %Δwt/yr. Even after excluding the study volunteer who lost approximately 6% body weight per year, SM18:1/23:0 and SM18:1/26:1 tended to correlate with the relative amount of annual weight change (%Δwt/yr, r = 0.53, *P* = 0.08; r = 0.53, *P* = 0.08, respectively). SM18:1/23:1 correlated with %Δwt/yr (r = 0.64, *P* = 0.02). Of note, %Δwt/yr for correlation analyses with sphingolipids was used under the assumption that a linear relationship of initial weight (kg) and weight change per year (kg/yr) exists. Exploration of this did not support this assumption in the present study cohort (r = −0.34, *P* = 0.20). Thus, weight change per year (kg/yr) was correlated with sphingolipid moieties. Except for SM18:1/23:0 (r = 0.37, *P* = 0.21), all previous associations remained significant: SM18:1/23:1, and SM18:1/26:1 correlated with kg weight change per year (r = 0.56, *P* = 0.05; r = 0.66, *P* = 0.01, respectively). Therefore, results for associations with %Δwt/yr are reported. Pearson's correlation and *P*-value are reported. Abbreviation: SM, sphingomyelin.](nihms880134f3){#F3}

![Variance of sleeping metabolic rate (SMR) explained by its major known determinants (fat mass, FM; fat-free mass, FFM; age, and sex), SM18:1/23:1 (A) and SM18:1/23:0 (B), and SM18:1/26:1. Abbreviation: SM, sphingomyelin.](nihms880134f4){#F4}

###### 

Study population: demographic characteristics

  ------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
                                                            Study participants   Subjects with follow-up data for body weight                                                
  --------------------------------------------------------- -------------------- ---------------------------------------------- -------------- -------------- -------------- ---------------
                                                                                                                                                                             

  Age, yr                                                   30.2 ± 7.73          30.4 ± 8.34                                    29.6 ± 6.54    27.9 ± 7.59    27.8 ± 8.48    28.4 ± 4.89

  Body weight, kg                                           92.4 ± 17.2          92.7 ±17.6                                     91.7 ± 17.0    95.7 ± 17.6    91.4 ± 16.2    108.6 ± 17.0

  Body mass index, kg/m^2^                                  32.2 ± 5.22          30.7 ± 4.45                                    35.4 ± 5.52    33.2 ± 6.51    30.6 ± 4.33    41.2 ± 5.62

  Body fat, %                                               32.3 ± 7.70          28.1 ± 4.79                                    41.4 ± 3.85    32.8 ± 8.29    29.3 ± 5.95    43.3 ± 3.99

  Fasting plasma glucose, mg/dl                             86.7 ± 10.4          85.3 ± 11.7                                    89.7 ± 6.1     83.9 ± 10.4    81.6 ± 10.4    90.8 ± 7.97

  2h-plasma glucose, mg/dl                                  128.0 ± 29.2         120.9 ± 27.7                                   143.5 ± 27.5   121.8 ± 31.9   119.8 ± 33.5   127.8 ± 30.1

  Fat mass, kg                                              30.2 ± 9.89          26.6 ± 8.35                                    38.1 ± 8.54    32.2 ± 12.3    27.3 ± 8.91    47.0 ± 8.49

  Fat-free mass, kg                                         62.2 ± 11.6          66.1 ± 10.2                                    53.6 ± 9.73    63.4 ± 9.27    64.1 ± 9.30    61.5 ± 10.3

  Glucose tolerance status[4](#TFN5){ref-type="table-fn"}                                                                                                                    

   Normal glucose regulation                                23 (65.7%)           20 (83.3%)                                     3 (27.3%)      12 (75%)       10 (83.3%)     2 (50%)

   Impaired glucose regulation                              12 (34.3%)           4 (16.7%)                                      8 (72.3%)      4 (25%)        2 (16.7%)      2 (50%)

  Energy intake, kj/d[5](#TFN6){ref-type="table-fn"}\       9402 ± 997\          9603 ± 949\                                    8970 ± 1029\   9536 ± 976\    9527 ± 1110\   9567 ± 470\
  (kcal/d)                                                  (2246 ± 238)         (2294 ± 227)                                   (2143 ± 246)   (2278 ± 233)   (2276 ± 265)   (2286 ± 112)

  24h-respiratory quotient[6](#TFN8){ref-type="table-fn"}   0.86 ± 0.04          0.86 ± 0.03                                    0.85 ± 0.06    0.86 ± 0.03    0.87 ± 0.03    0.85 ± 0.03

  24h-energy expenditure, kJ/d\                             9642 ± 1007\         9946 ± 682\                                    8992 ± 1319\   9847 ± 796\    9788 ± 728\    10052 ± 1335\
  (kcal/d)                                                  (2304 ± 241)         (2376 ± 163)                                   (2148 ± 315)   (2352 ± 190)   (2338 ± 174)   (2401 ± 319)

  Sleeping metabolic rate, kJ/d\                            7036 ± 849\          7203 ± 846\                                    6601 ± 768\    6992 ± 612\    6880 ± 638\    7348 ± 402\
  (kcal/d)                                                  (1682 ± 203)         (1721 ± 202)                                   (1577 ± 184)   (1671 ± 146)   (1644 ± 153)   (1764 ± 96)

  Awake-and-fed thermogenesis, kJ/d\                        2075 ± 689\          2155 ± 766\                                    1867 ± 432\    2073 ± 452\    2007 ± 490\    2307 ± 230\
  (kcal/d)[7](#TFN7){ref-type="table-fn"}                   (496 ± 165)          (515 ± 183)                                    (446 ± 103)    (495 ± 108)    (480 ± 117)    (551 ± 55)

  Resting metabolic rate, kJ/d\                             7823 ± 1091\         8182 ± 1041\                                   7040 ± 756\    7853 ± 1039\   8073 ± 1061\   7192 ± 749\
  (kcal/d)                                                  (1877 ± 263)         (1963 ± 249)                                   (1690 ± 183)   (1884 ± 249)   (1939 ± 256)   (1725 ± 180)

  Carbohydrate oxidation, kJ/d\                             4621 ± 1456\         5117 ± 889\                                    3701 ± 1901\   5087 ± 777\    5307 ± 834\    4536 ± 28.6\
  (kcal/d)[8](#TFN9){ref-type="table-fn"}                   (1104 ± 348)         (1222 ± 213)                                   (884 ± 454)    (1215 ± 186)   (1268 ± 199)   (1084 ± 6.00)

  Fat oxidation, kJ/d[8](#TFN9){ref-type="table-fn"}\       3478 ± 1593\         3326 ± 993\                                    3760 ± 2433\   3502 ± 1290\   3229 ± 1152\   4536 ± 1837\
  (kcal/d)                                                  (831 ± 381)          (795 ± 237)                                    (898 ± 581)    (839 ± 308)    (772 ± 275)    (1000 ± 439)
  ------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

All data reported as frequency (percentage) or mean ± SD.

Only healthy, non-diabetic (2h-plasma glucose \< 200 mg/dl) individuals between 18 -- 55 years old were included. Student's *t*-test assured no difference in sphingolipid concentrations between Native Americans of full versus half Southwestern heritage, thus data were analyzed in the whole group of Native Americans.

Maximum sample size reported. May differ by phenotyping due to data availability (*see* Subjects and Clinical Assessment).

Median follow-up time: 6.68 years (0.26 -- 12.4 years) with a body weight gain of 4.77 ± 13.2 kg (*P* \< 0.05, equivalent to + 7.05 ± 19.1% compared to initial body weight) and an annual weight gain of 0.92 ± 2.84%.

For normal glucose regulation, fasting plasma glucose \< 100 mg/dl and 2h-plasma glucose \< 140 mg/dl, impaired glucose regulation at fasting plasma glucose 100 -- 126 mg/dl and/or 2h-plasma glucose 140 -- 199 mg/dl, in accordance with the American Diabetes Association guidelines ([@R1]).

Meals served at 8 AM, 11 AM, 4 PM, and 7 PM. Total energy intake during a 24-hour stay in a respiratory chamber. The intercept of the regression line between EE and SPA values measured from 11 AM till 1 AM provided the EE in the inactive state.

Awake-and-fed thermogenesis (AFT) ([@R2]), reflective of an individual's thermogenesis from the sleeping state to the non-active, awake and fed state, and derived from the difference between EE in the inactive state and SMR.

Twenty-four hour respiratory quotient (24h-RQ), derived from the ratio of 24-hour carbon dioxide production and oxygen consumption (l), was extrapolated from each 15-minute time period to 24-hours.

After accounting for all-day urinary nitrogen excretion as a measure of protein oxidation, 24-hour fat and carbohydrate oxidation rates were calculated from the 24h-RQ. A maximum of 35 subjects were analyzed for possible associations with RMR, and 34, 30, and 27 volunteers for associations with 24h-EE and 24h-RQ, SMR, and AFT, respectively. Population characteristics are reported as mean ± SD.

1\. Seino Y, Nanjo K, Tajima N, Kadowaki T, Kashiwagi A, Araki E, et al. Report of the committee on the classification and diagnostic criteria of diabetes mellitus. Journal of diabetes investigation. 2010;1(5):212--28.

2\. Piaggi P, Krakoff J, Bogardus C, Thearle MS. Lower "awake and fed thermogenesis" predicts future weight gain in subjects with abdominal adiposity. Diabetes. 2013;62(12):4043--51.

###### 

Results of correlation analyses of SM-factors 1 and 2 and C-factor generated from PCA with EE and the relative amount of annual weight change.

                24h-EE (kcal/d)   SMR (kcal/d)   RMR (kcal/d)   AFT (kcal/d)   %Δwt/yr                                                                    
  ------------- ----------------- -------------- -------------- -------------- --------- ---------- ---- ------- ------ ---- ------- ------- ---- ------- ----------
  SM-factor 1   34                −0.16          0.37           30             −0.32     0.09       35   −0.26   0.14   26   0.04    −0.31   15   0.65    **0.02**
  SM-factor 2   34                0.01           0.93           30             −0.36     **0.05**   35   −0.15   0.40   26   0.84    0.12    15   −0.20   0.51
  C-factor      31                −0.37          **0.04**       29             −0.23     0.23       35   −0.13   0.46   27   −0.23   0.25    16   0.50    0.08

Significant results are highlighted in bold.

Abbreviations: 24h-EE, 24-hour energy expenditure; SMR, sleeping metabolic rate; RMR, resting metabolic rate; AFT, awake-and-fed thermogenesis; %Δwt/yr, relative amount of annual weight change; C, ceramide; SM, sphingomyelin.
